Covalent bulk modification of multiwalled carbon nanotubes using Fast Violet B salt containing potential donor atoms towards mercury is described. The chemically modified CNTs were characterized by FTIR and XPS techniques. The aqueous colloidal solution of modified CNTs was used in the construction of electrochemical interface for the determination of mercury at picomolar level. The analytical utility of the proposed sensor has been validated by estimating the mercury content in real sample matrices like drinking water and industrial effluent samples.
Introduction
Mercury is one of the highly toxic and non degradable element which is widely distributed in nature. As a result of its high toxicity, exposure to this metal even at trace level may pose severe negative impact on both mankind and aquatic system [1] . Hence the World Health Organization (WHO) has recommended a maximum threshold limit value (TLV) of 2 ppb for mercury in drinking water [2] . Measurement of this metal ion can be achieved by using various optical methods but these are expensive and not appropriate for field analysis. Electrochemical methods provide an alternative platform for the detection of mercury at trace level due to its high sensitivity, selectivity and field applicability [3] .
Designing and construction of a sensing interface with selective functionalities having affinity towards analyte play a very important role in achieving the selectivity and sensitivity [4] . In recent years several sensing interfaces have been reported based on self assembled monolayers (SAMs) [5] , Mercapto benzothiozole (MBT)-glassy carbon (GC) [6] and Gold-MBT-GC [7] . These electrodes can be used to quantify the mercury well below the threshold limit values, but these require high preconcentration time and associated with leaching of the modifier above pH 5 [6] . Application of metal nanoparticles in the determination of mercury causes oxide formation which results in decreased surface area causing decreased analytical signal [8] . Polymer film modified electrodes have been widely used, but the major limitation of these interfaces is the slow diffusion across the films which decreases the electrode kinetics [9] . Recently, antimony film modified GC for the determination of mercury has been reported, but it is toxic to a lesser extent than mercury [10, 11] . Carbon paste electrodes (CPEs) are well accepted electrode materials due to their tailor made properties [12] . These are beneficial from the point of surface renewability but associated with modifier leaching which restricts their repeated use [13] . Hence, it is desirable to design a covalently modified electrochemical interface with selective functionalities having affinity towards mercury in order to improve the selectivity, sensitivity and also to prevent the leaching of modifier.
Amide functional groups are highly specific towards mercury due to the presence of amide nitrogen and carbonyl oxygen as potential donor atoms [14] . The present report details the covalent anchoring of Fast Violet B salt on the walls of the MWCNTs in the presence of hypophosphorous acid as a reducing agent. Chemically modified CNTs were characterized by FTIR, XPS and used in designing a new voltammetric interface for the quantification of mercury at picomolar level.
Materials and methods

Chemicals and reagents
All reagents were AR grade and used without purification. MWCNTs (110-170 nm dia. and 5-9 μm length), Fast Violet B salt, and KBr were purchased from Aldrich. Working standards of mercury were prepared using mercuric chloride.
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Apparatus
Electrochemical measurements were recorded using CH Instruments (USA) in an electrochemical cell of 10 mL volume with a standard three electrode configuration. A glassy carbon electrode (GCE) immobilized with a thin film of chemically modified MWCNTs acted as a working electrode, Pt wire and Ag/AgCl as counter and reference electrodes respectively. pH measurements were carried out using a Control Dynamics pH meter. Infrared measurements were recorded using FTIR Shimadzu 8400S in the range of 1000-3700 cm
. XPS spectra were recorded with an ESCA-3 Mark II spectrometer using Al KR radiation.
Sample preparation
The samples were collected from tap water, treated industrial effluents as well as from polluted lake water. The collected samples were filtered through Whatman filter paper and known aliquots of these samples were treated with buffer solution to maintain the constant pH at 8 and analyzed by the procedure given above.
Covalent modification and electrode fabrication
The covalent modification of MWCNTs with Fast Violet B salt was carried out by using the procedure previously reported by us [15] . The modified electrode was prepared by the drop casting of 10 μL of aqueous colloidal solution of modified MWCNTs (1 mg mL
) on the surface of GCE. The modified film was air dried for an hour and subsequently at 70°C for 10 min. The schematic representation of covalent bulk modification of MWCNTs and plausible mode of interaction of modifier functionalities with mercury is shown in Scheme 1. Then the electrode was taken out washed with distilled water and placed in another cell containing 0.1 M hydrochloric acid. A reduction potential of −0.6 V was applied for 30 s and subsequently stripped off from the electrode surface after 15 s equilibration time. The calibration plot was constructed by recording the peak currents for known concentrations of mercury using the procedure described above. Each experiment was repeated five times and the error bar in the calibration plot denotes the average as the data point and the vertical line denote the maximum and minimum currents observed.
Analytical procedure
Results and discussion
The Fast Violet B modified MWCNTs were characterized using Infrared spectroscopy (FTIR). The IR spectra of Fast Violet B salt as well as modified CNTs (Fig. 1a) showed a significant peak at 1255 cm and at 1652 cm −1 for carbonyl group. The N\H and O\H stretching modes overlap to give a broad band at 3390 cm −1 [16] . The peaks observed at 2714 and 2818 cm −1 are due to the stretching of aromatic protons. In addition to these peaks, authentic Fast Violet B salt showed a sharp peak at 2203 cm −1 which corresponds to the diazo group whereas the same peak disappeared after its covalent attachment on MWCNTs [17] . X-ray photoelectron spectroscopy was used to decipher the covalent attachment of Fast Violet B. The spectra of native and modified MWCNTs (Fig. 1b) showed C 1s peak at 284 eV and O1s peak at 530 eV which can be attributed to the presence of carbon and oxygen atom containing functionalities on the CNTs respectively [18] . The spectra of modified CNT showed an additional peak at 400 eV which is due to the presence of nitrogen atom [19] . This peak was not observed in case of native CNTs. All these experimental results revealed that the covalent modification has resulted during the chemical modification process. Mercury determination was carried out by using DPASV due to the selective preconcentration of analyte through the specific chemical interaction of modifier functionalities with mercury ion [4] . A typical DPASV profile of 10 pM of mercury in a phosphate buffer (pH 8) at the modified electrode is shown in Fig. 2a . In the absence of mercury, the modified interface did not show any stripping peak in the potential window of −0.4 to 0.4 V whereas in presence of mercury, the modified interface showed a well defined stripping peak for mercury at 0.1 V. This observation indicates that the modifier molecule is responsible for the observed response which might be due to the selective interaction of the modifier functionalities with mercury ions.
The interaction of the modifier molecule with mercury is expected to be through nitrogen and oxygen atoms of the modifier. As the pH is 8, the lone pair of electrons present on the amide nitrogen is free which may facilitate metal interaction [20] . In case of carbonyl oxygen, due to the resonance of benzene ring the carbonyl oxygen bares a negative charge and this negative charge may be involved in the interaction with mercury according to Scheme 1. The exact mechanism of interaction of modifier functionalities with mercury ion is yet to be understood which needs further experimental investigations which are under progress.
The calibration plot was constructed according to the procedure described in the analytical procedure part. The modified interface showed a linear range from 1 to 14 pM with a detection limit of 1 pM (3σ, Fig. 2b ). To apply the developed interface for practical applications, the selective detection of mercury in real samples is a challenging task as it contains common cations and anions. The interferents can compete with the mercury for the interaction with modifier functionalities during mercury determination. Therefore, the interfering effect of foreign ions was studied by using 10 pM mercury. The interfering species like Cd did not interfere significantly during mercury determination. This is due to selective interaction of modifier with mercury under optimized conditions even in the presence of other metal ions. These metal ions did not show stripping peaks in the potential window used. This experimental observation further confirms the selectivity of the proposed interface towards mercury. The interface showed superior analytical merits in terms of detection limit (1 pM) and preconcentration time (40 s) when compared to other nanotube modified electrodes like the MWCNT film modified GC electrode [21] , chitosan-MWCNTs [22] , thio-chitosan modified GC [23] , and MWCNT-dihexadecyl hydrogen phosphate [24] . Hence it can be used as an alternative tool to the existing sensing electrodes for mercury. For precise analytical measurements, reproducibility is an important parameter. It has been carried out by measuring 10 pM of mercury for 6 times under identical conditions. The relative standard deviation was calculated to be ±4.2%. These observations indicate the high reproducibility of the proposed sensing interface. The analytical utility has been validated by using environmental water samples and recovery studies with spiked samples. The recovery studies were found to be 99 ± 2% and the stripping voltammograms recorded for real samples are shown in Fig. 2c. 
Conclusions
We have described a simple protocol for the covalent modification of CNTs in bulk quantities. The modified CNTs were used in the development of a new voltammetric interface for the determination of mercury at picomolar level. The analytical utility has been validated by determining the mercury present in various real water sample matrices with least interference from commonly encountered foreign ions. Therefore, the developed sensor electrode can be used as an alternative tool to the existing sensing devices in mercury quantification.
